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original stellar system (made up of ﬁrst generation stars) must be around ten times
the mass of currently observed GCs (D’Ercole et al., 2008; Bekki, 2011). If this is
the case, then a mechanism must be found through which the ﬁrst generation stars
can be preferentially lost, while the second generation remain.
The fact that the second generation contains only a fraction of the “polluting”
material available from the ﬁrst generation implies that it is diluted with unpro-
cessed material. The origin of this combination of processed and unprocessed ma-
terial remains unclear, although some ideas have been suggested: D’Ercole et al.
(2008) suggested that the polluting material might be the ejecta from the most mas-
siveAGB stars, whichcollectsatthecentreofthecluster, althoughhowsuccessfully
the AGB ejecta can be retained within the relatively shallow gravitational potential
well of a cluster, and whether AGB ejecta can account for all of the mass of the sec-
ond generation stars has been questioned (Bekki, 2011); others (e.g. Decressin et
al. 2007) have suggested that the source might be the winds of fast-rotating massive
stars; most recently, Maccarone & Zurek (2012) proposed that it could come from
novaewhich are powered by accretion of the intra-clustermedium by massivewhite
dwarfs. Which, if any, of these models is responsible for the chemical abundances
found in second generation stars is not yet known.
As evidence for multiple populations emerges, thoughts are now turning to the
question of whether any single population GCs actually exist. Caloi & D’Antona
(2011) suggest that two types of single stellar population GCs should exist: those
which were too small to retain enough ﬁrst generation-ejected material to form a
second generation (so are made up of ﬁrst generation stars only) and those which
were so massivethat they formed a second generation but failed to lose a signiﬁcant
fraction of the ﬁrst generation (so remain mainly ﬁrst generation stars). In their
search of 106 GCs, Caloi & D’Antona (2011) found 17 GCs which are candidates
for single stellar populations, based on the likelihood of a single population HB.
Nine of these are thought to have been massiveenough to form a second generation,
but did not lose the ﬁrst generation stars.
Regardless of the details of the process, the observational evidence all seems to
imply that GCs formed within massive episodes of star formation, creating clusters
much larger than the GCs we observe today, and that most of the original stars have
been lost. Much of the Galactic halo may have formed in these same star forma-
tion episodes, adding to the signiﬁcance of GCs in the context of galaxy evolution
(Gratton et al., 2012).
While the general multiple generation scenario is able to explain well the spec-
troscopic and photometric features discovered to date, many aspects of the theory18 Chapter 1. An Introduction to Globular Clusters
disrupted or ejected), core-collapse proceeds (Heggie & Hut, 2003).
By contrast, tidal shocks caused by the GC repeatedly passing through the plane
of a spiral galaxy tends to speed up core-collapse. As the GC passes through the
disk (or the galactic bulge), the gravitational shock gives energy preferentially to
stars in the outer parts of the cluster (Ostriker et al., 1972). This allows more stars
to escape (see Section 1.3.3.2), but also adds to the velocity dispersion in the core
and accelerates core-collapse (Gnedin et al., 1999).
The fact that GCs do not contain inﬁnitely dense cores indicates that something
must happen to reverse the process. It turns out that the system is able to sustain
itself (see Heggie & Hut 2003). The high stellar densities in the central region
of a core-collapsed cluster lead to frequent interactions, including three body in-
teractions in which two single stars form a binary system, with a third star acting
as a catalyst. In such an encounter, the single (catalyst) star gains kinetic energy,
and the newly formed binary system is then more likely to undergo further interac-
tions. When another single star passes close to the binary, the binary system’s orbit
shrinks, and the binary is said to ‘harden’. The binary system loses gravitational
energy, while the kinetic energy of the passing star increases. Similarly, as core
density rises, existing binary systems are also more likely to interact with passing
single (or binary) stars. In fact, mass segregation causes primordial binaries to ac-
cumulate in the cluster core, increasing the efﬁciency of binary-binary interactions.
Close encounters between binary systems may dissolve one of the binaries, leaving
a binary and two single stars, or may harden both binary systems, leading to the
release of energy. The increase in available energy means that core-collapse hap-
pens in reverse; stars move outwards from the core, lowering the core density, and
the core expands further. This is sometimes known as a post-core-collapse bounce
phase (Heggie & Hut, 2003).
Observationally, the evolutionary stage of a GC can be determined from its ra-
dial proﬁle. As explained in Section 1.2.2, the radial proﬁle (whether constructed in
terms of surface brightness or stellar density) demonstrates that, in general, the stel-
lar density increases with decreasing distance from the core. In a pre-core-collapse
cluster, this increase continues down to a certain distance from the core, and then
ﬂattens. Recent models have shown that a cluster which has undergone post-core-
collapse bounce may be indistinguishable, based on its radial proﬁle, from a pre-
collapse cluster (Heggie & Giersz, 2009). A GC that is undergoing core-collapse,
or in a post-core-collapse bounce phase can be identiﬁed by a continual increase
in luminosity all the way to the GC centre. It should be noted, however, that such
a ‘cusp’ can also indicate the presence of a central black hole. This is discussed1.4 Open Questions in Globular Cluster Astrophysics 23
Furthermore, multiple population theory may also be linked to even more com-
plex stellar evolution questions: a recent study by Haggard et al. (2010) found a
population of nine X-ray emitting stars which lie to the red of the red giant branch
in the CMD. These may be a class of X-ray emitting binary systems, or may be
linked to the metal-rich red giant branch. It is not known why this population is
prone to producing X-ray-bright sources.
Finally, it is not yet understood how the different generations of stars form, and
what their presence tells us about the wider topic of early galaxy formation. While
mostmultiplepopulationclusters appearto beof the‘enrichment’type, others, such
as w Cen and NGC1851 have spreads in age and metallicity that are too large for
such a scenario to work. These clusters are thought to be linked to dwarf galactic
nuclei, as discussed below.
Work to investigate the presence of multiple stellar populations in GCs tends to
be taking place on a cluster-by-cluster basis, because high precision photometry is
required, which often leads to approaches being tailored to each speciﬁc cluster. To
this end, part of this work (see Chapter 6) focuses on a search for broadening in the
main sequence of the globularcluster NGC6752. Searches for evidence of multiple
stellar populations in more GCs, and deeper searches in those known to harbour
multiple populations will likely be needed before comparisons can be drawn and
theories surrounding the true nature of multiple populations can be reﬁned.
It has been suggested that there is a link between dwarf galaxies and halo GCs.
Freeman (1993) suggested that in the early Universe, GCs form as the nuclei of
dwarf galaxies, and are then accreted into the galactic halo as their host galaxies
merge onto larger structures. A recent study by Georgiev et al. (2009) supports
this claim, at least for GCs which exhibit extreme horizontal branches (see Sec-
tion 2.1.3). Marin-Franch et al. (2009) propose that the nature of the multiple stel-
lar populations found in a GC might tell us something about the GCs origins as
an accreted satellite. Bekki & Yong (2012) interpret the presence of the stellar halo
aroundtheGalacticGCNGC1851(foundbyOlszewskietal.2009)asevidencethat
it formed in the centre of a (now defunct) dwarf galaxy. Brodie et al. (2011), how-
ever, studied the GC population of M87 and found that its ultra-compact dwarfs,
which are thought to be the stripped nuclei of dwarf galaxies, are a distinct popula-
tion from GCs. Establishing the extent of a link between dwarf galaxies and GCs is
important in the context of both GC and galaxy formation.26 Chapter 1. An Introduction to Globular Clusters
and 1.3.3, GCs with only a few binary systems will tend to evolve through long
term interactions, whereas the presence of a larger binary fraction can cause the
GC to expand and evaporate quicker, while also delaying core-collapse. As well as
primordial binaries, binary systems are created and destroyed in GCs because the
high stellar density leads to frequent interactions. The ability to study potentially
large numbers of binary systems involving stars which are at the same distance
and (roughly) the same age makes GCs invaluable tools in the study of dense en-
vironments and stellar evolution. Thus, determining the binary fraction of globular
clusters is of interest in a number of ﬁelds.
Measuring the binary fraction of an individual globular cluster is usually done
using one of three methods: searching for variations in radial velocity (e.g. Hut
et al. 1992); searching for stars which lie to the red side of the main-sequence on
the CMD (e.g. Zhao & Bailyn 2005); searching for photometric variables (e.g.
Dieball et al. 2007; Servillat et al. 2007). All three methods have associated dif-
ﬁculties: searches for radial velocity variations are only useful in investigating the
very brightest GC stars, while searching for an excess of stars in the relevant part of
the CMD requires very precise photometry. Searching for photometric variability
tends to ﬁnd binaries which have short periods and high orbital inclination bina-
ries. Such searches are very useful in studying the different types of binary systems
found in GCs and comparing them to ﬁeld populations, but in order to build up a
complete picture of the binary fraction of GCs, it is likely that a number of surveys
ofa numberof clusters, using different methodswill need to be completedand com-
piled. This thesis includes searches for photometric variability in two GCs, M80
and NGC6752.
In this chapter, I have introduced some aspects of GC astrophysics, describing
the key characteristics that deﬁne a GC, and outlining its evolutionary stages. In the
following chapter, attention shifts to the constituents of a GC; I will describe the
stellar populations found within them, and how they can be studied.30 Chapter 2. An Introduction to Stellar Populations Seen in Globular Clusters
split into a red horizontal branch (RHB) and blue horizontal branch (BHB), based
on the position relative to the instability strip. At the blue end, they sometimes have
a tail which extends towards fainter magnitudes. These sources have temperatures
above ≈ 16,500K (e.g. Momany et al. 2004; Brown et al. 2010). This is known as
the extended or extreme horizontal branch (EHB).
The length and shape of the HB varies somewhat from cluster to cluster. In
NGC6752’s CMD (see Figure 2.1), only one candidate HB source is seen to the red
side of the instability strip, but the BHB and EHB are well populated. Other GCs,
such as NGC6637 (Sarajedini & Norris, 1994), exhibit a clear RHB, but have no
sources blueward of the instability strip.
The main physical effect determining the morphology of the HB is the metal-
licity of the cluster. Higher metallicity leads to more opaque stellar envelopes,
meaning the light that we see from a star comes from a shallower depth, so it ap-
pears red. Thus, higher metallicity GCs have redder HBs than low metallicity ones.
Metallicity is known as the ‘ﬁrst parameter’ in HB morphology.
It has long been known, however, that GC metallicity variations, alone, can-
not explain all of the differences observed between HB morphologies (Sandage &
Wildey,1967). Some GCs have HBs which do not match the colours predicted from
their metallicities, and HBs belonging to clusters with similar overall metallicity
might appear quite different. Metallicity must not be the only factor inﬂuencing the
appearance of the HB. This mystery is a topic of current research and is known as
the ‘second parameter problem’. It is strongly linked to the topic of multiple stellar
populations, as discussed in Section 1.3.2.4.
There are a number of candidates for the role of second parameter (see, for ex-
ample, Recio-Blanco et al. 2006; Fusi Pecci et al. 1993): (i) older GCs are thought
to have bluer horizontal branches than younger ones, because the stars evolving
onto the HB are less massive, so have less massive (and less opaque) envelopes;
(ii) higher helium abundance (meaning lower hydrogen fraction) leads to a less
opaque envelope, and a bluer HB; (iii) higher CNO abundance, on the other hand,
makes the envelope more opaque, making the HB stars redder; (iv) ﬁnally, higher
stellarcore rotation rates affect the helium core mass and stellar mass loss, so might
produce a bluer HB. There is also observational evidence to suggest that globular
clusters with higher central densities tend to have bluer HBs. It is likely that some
combination of these possible ‘second parameters’ is required in order to fully ex-
plain the differences in HB morphologies. The most likely candidates at present are
age and central density (which is linked to mass; Dotter et al. 2010).36 Chapter 2. An Introduction to Stellar Populations Seen in Globular Clusters
(Warner, 2003).
If the white dwarf in a CV has a strong magnetic ﬁeld, the accretion ﬂow can
be affected and the light emitted can be polarised (Warner, 2003). In polars, or
AMHer stars, the magnetic ﬁeld prevents an accretion disk from forming. The ﬂow
of material from the companion star is controlled by the structure of the magnetic
ﬁeld, and falls onto the WD at the magnetic pole. As the material is, essentially, in
free-fall until impact, it reaches high velocities and the collision generates a shock
wave which releases X-rays. The magnetic ﬁeld also causes the WD orientation to
be locked to the companion, so the orbital and rotational periods match. In inter-
mediate polars, also known as DQHer stars, the inner extent of the accretion disk
is truncated due to the magnetic ﬁeld. Material migrates inwards through the disk
until it reaches the point at which the magnetic ﬁeld is strong enough to control
the ﬂow. It then ﬂows from the inner edge of the disk onto the pole of the WD
along magnetic ﬁeld lines. As in the polar case, the shock which occurs as material
reaches the magnetic pole is a source of X-rays. Intermediate polars are not neces-
sarily tidally locked and have longer periods than AMHer stars, indicating that the
ability to form a truncated disk is due to widerseparation of the WD and companion
(Patterson, 1994).
WhileitisnowunderstoodthatCVs inGCs formpredominantly throughdynam-
ical processes rather than as a result of the normal evolution of primordial binaries
(Pooley & Hut, 2006), there are still a number of unresolved questions.
CVs are predicted to exist in GCs in their hundreds, but only a fraction of this
number has been found. In 47Tuc, for example, around 200 CVs are predicted,
while around 30 have been found so far (Ivanova et al., 2006; Knigge et al., 2002;
Edmonds et al., 2003a). This might be due to a genuine difference between theo-
retical predictions and the numbers of CVs in GCs, or it might simply reﬂect the
difﬁculty in detecting the faintest CVs in GCs (Knigge, 2012).
Furthermore, there has been much discussion surrounding the apparent differ-
ences between CV populations in GCs and in the ﬁeld. Galactic ﬁeld CVs ex-
hibit a well deﬁned “period gap”; a dearth of CVs with orbital periods between
2 and 3 hours. They also have a minimum period of ≈ 80minutes (e.g. Knigge
2012). These features have been key in the development of CV evolution theory
(e.g. Knigge et al. 2011), but the period gap is not apparent in the (small) sample
of CVs within GCs for which orbital periods are known. This may indicate a fun-
damental difference between the GC and ﬁeld populations (since, for example, the
majority of GC CVs are dynamically formed, whereas primordial binaries are more
likely to survive and evolve in the ﬁeld), but may still be due to selection effects2.5 Open Questions in Globular Cluster Stellar Populations 49
the luminosity of the main-sequence turn-off, but both methods are complicated by
reddening and the need for precise distance measurements. As such, the colour dif-
ference between the MSTO and RGB is usually compared to give relative ages of
clusters instead (Krauss & Chaboyer, 2003; Marin-Franch et al., 2009). A better
method to determine the absolute age might be using the white dwarf cooling se-
quence. Deeper CMDs, particularly those making use of UV images, are needed to
help construct and reﬁne model white dwarf sequences. It is not yet possible to ob-
serve the faintest white dwarfs in GCs, but, as shown in Chapters 3 and 4, progress
is being made, and I predict that white dwarf cooling sequences will soon be useful
tools in estimating the ages of GCs.
An intriguing mystery in GC astronomy at present is the origin of blue strag-
glers. It is not yet understood whether blue stragglers form through direct stellar
collisions or the coalescence of primordial binaries. Either way, BS formation is
clearly closely linked to the internal dynamics of the host cluster. Research into
this topic is ongoing and evidence for both proposed formation mechanisms has re-
cently been presented. The blue straggler populations of M80 and NGC6752 are
discussed in this thesis. Notably, the radial distribution of the redder and bluer BSs
differs between the two clusters, indicating that different mechanisms might be at
work.
In Section 2.1.9, I discussed the sources located in the “gap” region of the CMD,
including non-interacting binary systems and cataclysmic variables. Globular clus-
tersareexcellentlaboratoriesforstudyingclosebinaries, as thehighstellardensities
make stellar interactions common. As such, many hundreds of CVs are expected in
GCs, but only a fraction of this number have been found. It is not known whether
this is due to a genuine difference between theoretical predictions and reality, or
the difﬁculty in detecting faint CVs in clusters. Secondly, further investigation is
needed into the apparent differences between GC and ﬁeld CVs. This includes the
apparent lack of a ‘period gap’ in the CV population found in GCs so far. Similarly,
it has been suggested (Pietrukowicz et al., 2008) that dwarf novae are abnormally
rare in GCs compared to theoretical expectations, and it has been suggested that
the low mass X-ray binaries in GCs are preferentially formed with magnetic white
dwarfs. All of these ﬁndings might be demonstrating genuine differences between
GC and ﬁeld populations, but further work is needed to establish if the differences
are real or simply due to selection effects. Efforts to clarify this are very much
working on a ‘cluster by cluster’ basis at present, and this thesis includes the search
for CVs in two GCs.
The ability to study large numbers of equidistant stars simultaneously makesBright points in the sky or a blow on the head will equally
cause one to see stars.
P. LOWELL (1855 – 1916)
3
The Globular Cluster M80
The Galactic globular cluster M80 is fascinating because it appears to be a cluster
of contradictions: it is one of the densest GCs in the Milky Way, but is not thought
to be core-collapsed; it is famous for containing the classical nova T Scorpii, but
despite the many observations that resulted from this discovery, only a few variable
sources have been found.
This chapter focuses on an FUV survey of the core of M80. In Section 3.1, I
describe in some detail the creation of the FUV catalogue, and outline the results of
thegeneralsurvey. AlthoughIwasinvolvedthroughoutthis work, itshouldbenoted
thatthedataanalysisdescribedinthissectionwasperformedbyDr. AndreaDieball,
who led the investigation. This work has been published as Dieball et al. (2010) and
is included here both because it sets the scene for what follows, introducing some
key concepts and methods which are used throughout the rest of the thesis, and
because I contributed to it and was involved in discussions throughout the work.
In Section 3.2 I describe a variability study of the cluster, which I performed, and
which has been published as Thomson et al. (2010).
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crowded. No matching sources could be found. Instead, a bootstrapping approach
was required. First, an ACS WFC image was chosen and obtained from the Hubble
Legacy Archive to provide an intermediate-scale image. This image, taken with
the F435W ﬁlter, has a ﬁeld of view of 202′′×202′′, which includes the core, but
also includes a region further out, where the stellar density is much lower. Using
16 sources which were easily identiﬁable in this image and had obvious matches in
UCAC2, the WCS of the WFC image was transformed to match the UCAC2 sys-
tem. The required shift was ≈ 1. ′′2, and the resulting RMS residual error between
the WFC and UCAC2 positions of these 16 sources was 0. ′′2.
A further 16 sources were then chosen which were easily identiﬁed in the NUV
HRC image and the WFC image. Allowing for shifts in the x and y directions, scale
changes, and rotation, the WCS of the FUV and NUV images were updated. The
positions in the ﬁnal catalogue have a (conservative) error of < 0. ′′2.
Photometry could then be performed on the master images, which are not only
combined and geometrically corrected images, but are also astrometrically tied to
the Tycho system.
Aperture photometry was performed using daophot (Stetson, 1991) running un-
der IRAF. More information on daophot can be found in Section 4.2.2. Due to the
high stellar densities in the core of the cluster (particularly in the NUV image), a
small aperture radius of 3pixels and a small sky annulus of 5 to 7pixels were used.
Gaussian recentring of the input coordinates was also allowed at this stage.
Corrections were then applied to account for source ﬂux missed due to the ﬁnite
aperture size, and source ﬂux included in the sky annulus. For both the FUV and
NUV data sets, a few bright, isolated stars were measured with larger sky annuli,
and the correction factor from small to large annuli was determined and applied to
all sources. In the FUV, the ﬁnite aperture size was corrected for using empirical
encircled energy curves. Isolated sources were photometered using a range of aper-
ture radii, and the fraction of light enclosed at different distances was calculated
and used to correct all sources. The aperture correction in the FUV was limited to
a radius of 60 (SBC) pixels (to prevent nearby sources affecting the results), but
the encircled energy curves suggest that the additional correction from 60pixels to
inﬁnity is small. In the NUV case, aperture corrections were adopted from Sirianni
et al. (2005). They give aperture corrections for the F250W ﬁlter in the HRC with
a maximum radius of 0. ′′5, and suggest that the correction from there to inﬁnity is
0.132mag. As this correction is applied to the NUV data, but a similar one is not
available for the FUV, there may be a slight, systematic, red bias to the FUV - NUV
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Kopacki’s variability survey of M80 (Kopacki, private communication). Kopacki
agrees with my classiﬁcation of these two sources as RRLyrae stars. A preliminary
summary of his results, including periods but not including coordinates or ﬁnder
charts for the sources, is given in Kopacki (2009).108 Chapter 4. NGC6752: The Colour-Magnitude Diagram and Radial Proﬁle
as a search threshold. The FWHM is not necessarily the true FWHM of the detec-
tor, but rather a value chosen to minimise the number of false detections that are
made, particularly at the edges of the image. The threshold is also a compromise: a
higher threshold reduces the number of false detections (caused by noise at the im-
age edges, multiple detections of bright stars, and false detections around saturation
spikes), while a lower threshold means that more faint (real) sources are detected.
While the automatic process gives a good initial source list, inspecting the image by
eye allows the user to delete false detections and add missing, faint sources. This
left 503 sources in the FUV catalogue.
I performed aperture photometry on the master FUV image using the IRAF rou-
tine daophot (Stetson, 1991). In using daophot, the user chooses two key param-
eters; the aperture radius and sky annulus. The aperture radius determines the size
of the aperture considered for any given star. Too small a radius will result in some
of the light being lost, particularly from brighter stars, but too large an aperture
may include light from other stars, or background ﬂux. The sky annulus, on the
other hand, is used to measure the background ﬂux which is later subtracted from
the source’s ﬂux. Again, this must be carefully chosen. If the sky annulus is too
small, light from the target star will be included with the background measurement,
but if it is too large, it is likely to be affected by nearby stars. To avoid introduc-
ing errors caused by the high stellar density in the core, I chose a small aperture of
3 pixels and a sky annulus of 5−7pixels. To account for the small aperture and
sky annulus, a few reference stars were used to determine correction factors. The
reference stars were bright, isolated, and far enough from the edge of the chip that
photometry could be performed using a larger radius and sky annulus. I performed
photometry on these stars using a larger sky annulus of 50−60pixels and found the
factor by which the ﬂux changed in going from small to large annuli. I also used a
range of aperture radii, and calculated the fraction of light enclosed at different dis-
tances. In using this method, I assumed that 100% of the source’s light is enclosed
in the largest annulus (60 pixel radius), but plots of encircled energy against radius
indicate that this is reasonable. These correction factors were applied to all sources.
Once they had been corrected, the instrumental ﬂuxes were converted to the
STMAG system using
STMAG = −2.5× log10(count rate×PHOTFLAM×apcorr×skycorr)+ZPT,
where PHOTFLAM is the factor used to convert count rate into ﬂux, apcorr is the
aperture correction (apcorr = 1/encircled energy), skycorr is the correction from a5.1 Identiﬁcation of the X-ray Counterparts 137
sources within the maximum matching radius; clearly, at least one of these matches
is spurious. Of the remaining ﬁve matches, which are MSs or were only detected
in one waveband, the calculation suggests that one is likely to be a spurious match,
while the other four may be real counterparts. I caution that Poisson errors on these
numbers mean that they are approximations only.
I searched for hints of periodic variability in the light curves of every potential
X-ray counterpart. This was done using the FUV and NUV data. The FUV data
was used because, as discussed in Section 2.4, variable sources are often easier to
detect, or have larger amplitude variations at shorter wavelengths. The NUV data
was chosen because it had the largest number of individual exposures (18), and is a
good compromise between short wavelength and large ﬁeld of view.
Following the method described in Section 3.3, I performed photometry on the
individual FUV exposures, using the overall FUV catalogue as input to daophot
(Stetson (1991); see Section 4.2.2). As described in Section 4.2.2, photometry was
carried out on the NUV data using DOLPHOT, which gives individual magnitudes for
each source in each of the 18 individual images as part of its output. I produced
FUV and NUV light curves for each of the candidate counterparts and inspected
them to search for signs of variability. I also produced a power spectrum for each of
the sources to search for hints of periodic variability and used a randomisation test
to estimate a false alarm probability (FAP); this is the probability that a higher peak
could be produced at any frequency if the associations between times and ﬂuxes
are shufﬂed randomly, creating a white-noise time series with the same sampling
and overall variance as the original data. Tables 5.1 and 5.2 summarise the results.
Figure 5.3 shows the light curves of the four most interesting counterparts.
The main result is that two of the X-ray sources that Pooley identiﬁed as CV
candidates are, in fact, dwarf novae (DNe). This conﬁrms the CV nature of these
sources and determines theirsub-class. Fortwo otherX-ray sources I identiﬁed pre-
viously unknown optical counterpart candidates, including one which is a variable
source.
The CMD positions of all of the counterparts discussed (where CMD informa-
tionisavailable)areshownin Figure5.4. Themostlikelycounterpartineach case is
marked with a dark coloured cross. The two DNe, which showed strong magnitude
variations, are placed on the CMD using the NUV magnitudes of theirfainter states,
as indicated with a subscript ‘F’. Two interestingobjects found just outsidethe error
circles for X-ray sources CX12 and CX16 are marked using cyan triangles.
In the following subsections, I provide details on all of the potential counterparts
to each of the X-ray sources in the ﬁeld of view.5.4 Conclusions 155
and suggest that one is a CV and the other is an SXPhoenicis star. Another source,
number 7582 in the catalogue, which is just outside the X-ray position uncertainty
of CX12, shows variability with a period of 4.1hours. One X-ray source, CX16,
was thought to be a BY Dra binary. I suggest an alternative optical source as the
true counterpart. A search for variability revealed a number of potentially variable
sources, which are indicated in the catalogue.
The work described in this chapter demonstrates the importance of using multi-
wavelength, and particularly UV wavelength studies of GCs as tools for investigat-
ing the X-ray populations. Using a combination of X-ray, UV and optical obser-
vations, sources can be classiﬁed more securely than using just one type of survey.
Secure classiﬁcations of X-ray sources and other close binaries are essential for fur-
ther investigations of the dynamical history and status of the GC and comparisons
between such populations in globular clusters and the ﬁeld.Themostexciting phrase tohearinscience, the onethat her-
alds new discoveries, is not ‘Eureka!’ but ‘That’s funny...’
I. ASIMOV (1920 – 1992)
6
The Globular Cluster NGC6752: The
Search for Broadening in the
Main-Sequence
Globular clusters were once thought to be made up of stars that formed at the same
time and from the same material, making them reliable examples of simple single
stellar populations. Recent observations have, however, provided overwhelming
evidence that GCs are much more complex than traditionally believed. Evidence
from spectroscopy and, more recently, photometry has revealed differing chemical
abundances and multiple CMD sequences, indicating that multiple generations of
stars are contained within individual clusters.
In this chapter, I search for hints of multiple stellar populations in the NUV - U
and V - I CMDs of NGC6752.
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Consider, for example, a source positioned far from the ampliﬁer in the NUV
images. This source will appear fainter than it should in the NUV measurements. It
is not necessarily among the most affected sources in the U-band images, however,
so may lose less ﬂux in U-band, and appear red in the CMD. Sources most prone
to ﬂux loss in the U-band images, on the other hand, appear fainter in the U-band,
but not necessarily in the NUV, so appear blue. Furthermore, the NUV exposures
are fairly short (120s each; see Table 6.1), so there is a low background (. 10
counts), and the MS sources considered in this investigation are relatively faint (.
700 counts), making these images susceptible to CTE effects. The U-band images
are longer (348s each), with higher background and source ﬂux (8−30 and 5000−
60000 counts, respectively), so CTE problems have less impact than in the NUV
case, but the effect is still not negligible.
In the top panels of Figure 6.2, sources are coloured red or blue depending on
their position relative to a main-sequence ridge-line, to demonstrate the different
ways that CTE and other position-dependent problems manifest in the two CMDs.
In the NUV and U-band case (panel (a)), there is an excess of red sources along
the near-horizontal axis (the gap along this axis is the chip gap in the NUV images),
and a large populationof bluecoloured sources along the near-vertical, U-band chip
gap. In the V- and I-band case (panel (b)), the pattern is not so obvious, but it is still
clear that something is affecting the colours and creating excessively red and blue
areas.
Regardless of the reason for the position-dependent colour variations shown in
Figure 6.2, an empirical, star-by-star correction can be applied to improve the mea-
sured colours. The procedure, which follows Milone et al. (2010), is as follows.
The steps are illustrated in Figure 6.3.
1. Refer to panel (a) of Figure 6.3.
Use the overall V - I CMD to plot a main-sequence ridge-line (MSRL) by
ﬁnding the median colour in successive, narrow magnitude bins. Reﬁne the
result using sigma-clipping, performed using the perpendicular distance from
the ridge-line to each source. This ensures that the whole MSRL is treated
equally, regardless of the direction of the MSRL at a given magnitude, to give
as precise a ridge-line as possible.
2. Refer to panel (b) of Figure 6.3.
Select a ‘target’ source to be corrected. Calculate the distance (deﬁned as
difference in colour, rather than perpendicular distance) from this source in
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3. Refer to panel (c) and (d) of Figure 6.3.
From the ‘target’ source, ﬁnd the nearest 50 −100 MS stars (on the image)
that are
• ‘well-behaved’ (i.e. the DOLPHOT output shows a high signal to noise,
very small photometric error, and good values for the c, sharpness,
crowding and roundness parameters),
• within ±2 I-band magnitudes of the ‘target’ source,
• within 250pixels (10′′) of the target source. This leads to some ‘target’
sources having < 100 ‘calibration’ sources (but all ‘target’ sources have
at least 50 ‘calibration’ sources).
4. Refer to panel (d) and (e) of Figure 6.3.
Find the mean distance in colour from these sources to the MSRL.
5. Refer to panel (f) of Figure 6.3.
Correct the ‘target’ source’s colour by this amount.
6. Choose the next source to be used as a ‘target’ source and repeat steps 2−5.
A similar process is carried out for sources in the NUV - U CMD, with two
changes:
• Due to the more exaggerated change in the width of the MS spread with mag-
nitude (see Figures 4.1 and 6.4), I limit the sources to those within ±0.7
U-band magnitudes of the chosen source.
• The lower stellar density in the NUV and U-band mean that I use the nearest
10−50 MS stars to calculate the correction factor in these wavebands.
Experiments with different, reasonable, magnitudelimits gaveconsistent results,
as did using the median distance for the colour correction instead of the mean.
As the groups of images are taken at almost identical pointings, creating separate
MSRLs for the Group 1 and Group 2 images, and running the correction algorithm
on each group independently of the overall image, made little difference.
The lower panels of Figure 6.2 show the position of red and blue sources after
the colour correction algorithm has been applied. The distributions of red and blue
coloured sources are much more even in these panels, indicating that the position-
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relation between colours is strongly signiﬁcant and the probability of the measured
colours matching in as many cases as they do by chance is almost zero.
I conclude, therefore, that there is evidence for some broadening in the MS of
NGC6752, but that it is small. I have determined upper limits on the amount of
broadening in the NUV - U and V - I CMD and found that a small difference in
helium abundance of (DY ≈ 0.02) is sufﬁcient to produce the observed levels of
broadening.
I have found hints of a radial trend in the level of broadening in each CMD,
with more broadening in the core of the cluster than further out. This contradicts
the result of Milone et al. (2010), who considered a region overlapping with, but
extending further out than, the region considered in this investigation. If the radial
trend found here is extrapolated to cover the region considered by Milone et al.,
I would expect the broadening found in their investigation to be lower than the
results shown here; in fact, they found twice as much intrinsic broadening as in this
investigation.7.2 Globular Cluster Morphology 211
sible radial trend might suggest that the formation mechanisms are linked to radial
positions or density. Searches for similar trends in other clusters are needed to es-
tablish if this pattern is seen elsewhere or if NGC6752 is atypical.
In Section 7.1.1, I discussed using spectroscopy to investigate the link between
chemical abundance anticorrelations among HB stars and multiple populations.
Spectral analysis of larger numbers of sources, and surveys which search for chem-
ical anomalies among HB, RGB and MS stars in a self-consistent way are vital if
we are to establish the connection between multiple stellar populations at differ-
ent stages of stellar evolution. Abundance patterns in other elements (e.g. helium,
lithium, aluminium and ﬂuorine) are also possible with current spectroscopic in-
struments, and have not been fully explored. Gratton et al. (2011) found that “pro-
hibitively long” exposures would be needed in order to accurately determine the
helium abundance of large numbers of HB stars, since the required signal-to-noise
ratio is higherforabsoluteheliumabundances than forratios ofsodiumand oxygen.
If achieved, however, this could allow one to determine the helium abundances of
ﬁrst and second generation HB stars, and connect these to the different generations
in other parts of the CMD.
As described in Section 6.8, I found hints of a radial trend in the level of broad-
ening detected in NGC6752, with a wider MS towards the core of the cluster. Spec-
troscopic surveys including a signiﬁcant fraction of the HB population could also
be used to search for radial trends in the chemical abundances. As explained in
Section 1.3.2.6, most proposed multiple population formation mechanisms would
lead to the second generation preferentially forming in the core. Vesperini et al.
(2013) recently used simulations to show that the second generation is expected to
be more centrally concentrated that the ﬁrst generation, while observational evi-
dence for this has been found among RGB stars (Kravtsov et al., 2011). However,
a link between radial trends in the ﬁrst and second generation and the radial trends
in the absolute observed width of the broadening has not yet been determined. In-
vestigating radial trends in both cases would require accurate positions as well as
clearly deﬁned sequences. It might not, however, need vast numbers of stars, as
long as those included were well above the confusion limit (so stars close to the
core were not preferentially lost). This could be performed using either accurate,
deep photometric measurements or spectral surveys.APPENDICES230
Appendix C. Preliminary Work Towards Further Investigation of Broadening in
the NGC6752 CMD
hundredths of a magnitude. As in the RGB case, I completed a preliminary in-
vestigation into broadening of this sequence, and found what appears to be strong
evidence that a spread exists, but that it is very small. Again, I cannot rule out that
systematic effects may have caused the apparent results. In studying the SGB, I
used the same NUV images as before, and combined them with 800s B-band expo-
sures taken using the F410M ﬁlter with the WFC3 (see Table C.1). These images
are deep enough to show the SGB, but not so deep that saturation becomes an issue.
As the SGB is near-horizontal in the NUV - B CMD, I searched for a spread in
NUV magnitude, rather than colour, and binned the points according to NUV - B
colour, rather than magnitude. The result is shown in Figure C.2. It appears that
there is clear evidence of very small scale broadening of the SGB, of ≈ 0.012−
0.022mag.
A preliminary search for a radial trend in sources brighter and fainter than the
ridge-line indicates that the brighter sources are marginally more centrally concen-
trated than the fainter ones; a KS test resulted in a 6.8% probability that the bright-
est and faintest 20% of the SGB sources are from the same underlying distribution.
This contradicts the radial distributions found by Kravtsov et al. (2011) and Milone
et al. (2010). Kravtsov et al. (2011) found that fainter SGB sources in their B - I vs.
U CMD were more centrally concentrated than brighter sources with a conﬁdence
level of greater than 99.9%, while Milone et al. (2010) used V- and I-band data to
show that, again, the fainter sources were more centrally concentrated, with only a
4% probability that they are from the same distribution. With so few sources, it is
difﬁcult to pick out spatial trends in the data, but the fact that the radial distributions
do not resemble those of previous work suggests the result is at least partly due to
systematic effects.
The near-horizontal appearance of the SGB in the NUV - B CMD means that
errors in colour, like those seen in the MS study, would move sources along the
SGB, rather than away from it. The broadening in the SGB, if due to CTE prob-
lems, would be almostentirely due to sources appearing brighterorfainterthan they
should in the NUV images, with almost no dependence on the B-band observations’
CTE. In theory, this should make any position-dependent problems simpler to cor-
rect. To use a similarcorrection algorithm to that described in Chapter 6, one would
still need a number of sources of similar magnitude, within the vicinity of each ‘tar-
get’ source (since CTE effects are strongly dependent on source brightness). This
is not feasible as sources brighter than the MSTO are quite scarce. Furthermore,
the apparent effects of CTE, while certainly the dominant source of error, might be
masking other, more subtle effects, which also need to be corrected. These cannotC.2 The Sub-Giant Branch 231
be assessed until the CTE problems are ﬁxed. As with the RGB, it is possible that
the trends determined using the MS sources could be used as a starting point for
correcting position-dependent errors in the SGB.
These investigations demonstrate a number of key points which must be consid-
ered in using precise photometric studies to search for sequence broadening. First,
CTE corrections for the WFC3 are essential if WFC3 data, which should be ideal
for these investigations, are to be used to their full potential. Second, due to the
small number of sources available for the position-dependent corrections, a number
of images taken at different alignments would be ideal for this study. The colour
correction algorithm could then be run on images taken at each pointing to remove
the worst of the position-dependent effects, while comparisons between different
alignments could be used to correct for any residual effects. Finally, consistency
across many data sets is key: In terms of radial distributions, Kravtsov et al. (2011)
found a much strongerradial effect than Miloneet al. (2010), while this preliminary
investigation found a contradictory effect; in the MS, Milone et al. (2010) found a
level of broadening which was twice as large as the upper limit that I found. Further
study ofthese aspects is clearly required before we can claim to truly understand the
nature (or, indeed, the presence) of broadening of CMD sequences in NGC6752.BIBLIOGRAPHY
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